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ABSTRACT
The world relies on nonrenewable resources for a significant portion of its usable energy,
the most common being fossil fuels. Fossil fuels release many unwanted byproducts during their
extractions and conversion processes. As a result, this excessive use leads to harsh consequences
upon the environment, including rapid global warming, release of numerous water and air
pollutants, and it could possibly lead to an increased risk of death in those who are exposed to
these toxins. In response to this scenario, the goal of my project is to design an artificial
hydrogen catalyst, which can absorb sunlight and oxidize H2O into O2 and reduce atmospheric
CO2 into sugars. These catalysts are inspired from various microorganisms that can produce
hydrogen themselves; they contain hydrogenases that can bind to a metal of interest and form a
coordination complex to produce hydrogen. In my catalyst, the coordination complex consisted
of the following: alpha domain of metallothionein as the protein, Ni (II) as the metal of interest,
and various photosensitizers and electron donors to test for hydrogen release. Upon conclusion of
my experiments, the best combinations of photosensitizers, electron donors, and optimal
conditions were obtained for maximum release of hydrogen.
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INTRODUCTION
Obtaining energy for everyday needs is one of the most important concerns today. The
primary sources of energy that contribute to everyone’s needs are fossil fuels, which include
coal, oil, and natural gas. However, fossil fuels are non-renewable resources, so there is a limited
supply of them and excessive use of these would not be effective in the long run. Moreover, the
consumption of fossil fuels can lead to many adverse effects in both health and the environment.
There is nearly a 66 percent chance that the climate will rise 2°C above pre-industrial levels, and
a rise not exceeding 1.5°C is recommended for a decreased risk of heat waves, droughts,
abnormal sea level rise, polar melting, and heavy precipitation in the climate. Moreover, the
extraction of fossil fuels causes high amounts of water and air pollutants, such as soot and smog,
which in turn increase the risk of death from heart disease, stroke, respiratory illness, and lung
cancer in those who are exposed (2). However, alternative energy sources can be found from
renewable sources, such as air, water, and sunlight. Since the supply of these resources is
essentially unlimited, it is important to find new ways to optimize the use of these resources to
sustain the world’s energy needs.
One source of alternative energy is by obtaining H2 from the environment by performing
artificial photosynthesis. A photosensitizer fuel cell can absorb sunlight that leads to charge
separation in the presence of a metal and viable electron donor, yielding 2H+ + 2e- to produce H2.
The only byproduct of this reaction is H2O, which is renewable and nontoxic, whereas the
byproducts from extracting fossil fuels are much more harmful. For H2 to be able to replace fossil
fuels, it must be obtained from a source, but it is unavailable to readily extract from the
environment or any other natural resource. As a result, for it to be an affordable and
environmentally friendly source of energy, scientists must research new methods for extraction
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of this fuel from a renewable resource. Some effective methods that have been researched
include photochemical water splitting and electrolysis of water, which mimic the active sites of
various microorganisms that are able to produce H2. H2 produced this way is clean and
sustainable (1).
The microorganisms contain hydrogenase enzymes that produce H2 naturally, and
oxidation of the gas is able to be carried out for their cellular processes. The microorganisms
with binuclear hydrogenases are able to reduce H+ to H2 while also being able to carry out the
reversible oxidative process. The active site of such enzymes contains either a NiFe complex or
an FeFe complex. In the NiFe coordination complex, two terminal cysteine ligands bridge to
connect the Ni and Fe, and two cyano (CN) ligands and one carbonyl (CO) ligand bind to the Fe.
In the FeFe coordination complex, a single Cys residue is connected to the proximal Fe, and that
coordination leads to a bridging with the Fe4S4 cluster. The Fe4S4 cluster consists of a bridging
amide to connect the sulfurs of the cysteine, a bridging carbonyl, and a terminal carbonyl and
cyano that are connected to the proximal and distal Fe’s. The concerns with this approach include
but are not limited to the following: hydrogenases’ enhanced sensitivity to oxygen, complexity of
the microorganism, and low yield of hydrogen. A solution to this problem could be to design a
catalyst that can mimic the function of the hydrogenases to accomplish artificial photosynthesis
via solar energy (1).
The photosynthetic reaction centers of plants allow them to naturally convert solar energy
to oxidize H2O into O2 and reduce atmospheric CO2 into sugars. To conduct artificial
photosynthesis, scientists have used earth abundant metals that have the reductive power to
convert H+ into H2 to design hydrogenase inspired catalysts. First, chemical molecules must be
able to produce charge separation from sunlight, and the oxidizing and reducing equivalents are
7

then transferred to the catalysts to oxidize H2O into O2 and reduce H+ into H2. Despite the
theoretical efficiency of the conversion of sunlight into usable chemical energy being relatively
low, if 0.16% of the Earth’s land was covered with 10% efficient solar cells that could use the
available 120000 TW of available energy from the sun, the aforementioned energy demand could
be alleviated (1).
As a result, the goal of my research is to design a hydrogen evolving catalyst that can
bind to a metal of interest and produce hydrogen. In my case, the protein was the alpha domain
of metallothionein(α-MT), which is known to bind to 4 equivalents of nickel. Metallothioneins
are cysteine and metal rich proteins with low molecular mass. They are found in mammalian
kidney and liver cells, and they play a protective role in brain injury and metal-linked
neurodegenerative diseases, zinc and copper homeostasis, and protection against heavy metal
toxicity and oxidative damage (4). The sequence of the peptide I synthesized was
KSCCSCCPVGCAKCAQGCICKGASDKCSCCAW. When this peptide binds to nickel, the two
terminal cysteine residues and two bridging cysteine residues will interact in a tetrahedral
fashion and make a nickel complex. With this approach, the coordination of these peptides can
be controlled.
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Figure 1: Visual Representation of Both Domains of Metallothionein with the Cysteine
Residues (3)

Figure 2: Visual Representation of the 2 domains Metallothionein after Binding to a Metal
of Interest (3)
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Figure 3: Bond Structure of Coordination Complexes formed by the NiFe cluster (A) and
the FeFe cluster (B) (1)

Figure 4: Step Wise Representation of the Chemical Reactions Processed by the
Photosensitizer (1)
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MATERIALS AND METHODS
Chemicals and Equipment
The chemicals and reagents used in this experiment were of analytical grade and used
without any further purification. All glassware and plastic was placed in a 10mM EDTA bath
overnight and in a 10% nitric acid solution the next night to ensure no metal contamination.
Afterwards, they were washed with deionized water. The buffers were made using chelexed
distilled water and chelexed again overnight to avoid all possible metal contamination and
adjusted to the appropriate pH before filtration. After each step, the peptide is dissolved into a
degassed buffer solution. Tris (2-carboxyethyl) was the buffer that was used. This buffer is added
in a 30:1 excess ratio and stirred for 10 minutes. The TCEP was later removed by the PD10
column. The samples were then prepared and degassed under N2 for about 10 min before Ni(II)
addition.
Peptide Synthesis
The samples of the peptide metallothionein were synthesized using the Liberty Blue
CEM microwave synthesizer, which had a concentration of 0.1mmol Rink Amide Pro-Tide Resin
(CEM). All the amino acids were dissolved in concentrations of 0.2M DMF. The amino acids
that were used were excess amounts of the following: alanine, aspartic acid, cysteine, glutamine,
glycine, isoleucine, lysine, proline, serine, tryptophan, and valine, and they were synthesized in
the sequence of KSCCSCCPVGCAKCAQGCICKGASDKCSCCAW. The amounts were
measured using an analytical balance. The activator base that was used was 1M Oxyma, and the
activator that was used was 0.5M N,N’-diisopropyl carbodiimide (DIC) in DMF. The N terminal
was acetylated by 10 % acetic anhydride in DMF. Once the synthesis was completed, the
11

resulting resin is washed with DCM and dried under N2. For the cleavage and side chain
deprotection steps, a 10 mL sample containing 92.5% trifluoracetic acid (TFA), 2.5%
triiosopropylsilane (EDT), 2.5% ethane-1,2-dithiol, 2.5% chelexed water was prepared by
stirring the aforementioned chemicals at room temperature for 2 hours. Once the cleavage was
complete, the crude peptide was obtained through vacuum filtration. Evaporation was done to
eliminate the excess TFA. This crude peptide was precipitated, washed with cold diethyl ether,
and lyophilized.
A

B

Figure 5: Liberty Blue Peptide Synthesizer (A) and the Lyophilizer (B) that were
used for the experiments
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High Performance Liquid Chromatography
The peptide was then dissolved in a 10% acetic acid solution. Further purification was
done with high performance liquid chromatography. HPLC was done using the C18 semiprep
column from the 1260 Infinity II HPLC system. To keep band broadening to a minimum, a linear
gradient was established from 0.1% TFA in chelexed H2O to 0.1% TFA in acetonitrile. The
purification was run at wavelengths of 214 nm and 280 nm. The resulting purified peptide is
lyophilized and stored in a controlled environment of -20°C. The concentrations of purified
peptides were calculated using an extinction coefficient of 5500 M-1 cm-1 for one equivalent of
Trp.

Figure 6: 1260 Infinity II HPLC system
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MALDI
The purity of the resulting peptide was tested by MALDI-MS using the JBI Scientific
System. Sinapinic acid was used as the matrix (10 mg/mL in 50:50 acetonitrile/water with 0.1%
TFA). For testing, one microliter of a solution containing 50% peptide and 50% of the matrix
mixture was spotted on a 100-SS MALDI plate.

Figure 7: JBI Scientific System for MALDI-MS
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UV/Vis Spectroscopy
UV/Vis nickel titration techniques were used to check for nickel binding. The Agilent
Technologies Cary Series UV-Vis NIR spectrometer was used for this part of the procedure. The
titrations were performed by adding a solution of nickel sulfate and TCEP-reduced to 30 µM in
10 mM Tris pH 7.5 buffer. The concentrations of nickel were altered in each measurement: a
gastight glass syringe was used to add nickel to the respective solution, and the nickel was
allowed to stir in the solution for 10 minutes. Once the dissolving was complete, a septa capped
cuvette with a path length of 1 cm was used to monitor spectral changes. Upon obtaining the
absorbance results, the absorbance of the apo peptide is subtracted from the nickel bound spectra
to calculate the differential absorbance. Dilution corrections were performed as needed.

Figure 8: Agilent Technologies Cary Series UV-VIS NIR spectrometer
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CD Spectroscopy
The JASCO J-1500 CD spectrometer was used to collect CD spectra under a constant
flush of nitrogen gas from the nitrogen tank. The apo and nickel bound peptides were dissolved
with a 5 mM Tris buffer at pH 7.5. The spectra are collected using a quartz cuvette that has a
path length of 1mm.

Figure 9: JASCO J-1500 CD Spectrometer
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Photocatalysis
Photocatalysis experiments were performed with 2mL solutions of a 30 μM catalyst,
photosensitizer, and an appropriate electron donor in septa capped Pyrex tubes. Different
combinations of photosensitizers and electron donors are used to optimize the above mentioned
system. The photosensitizers included the following: Tris(bipyridine)ruthenium(II) chloride
(Ru(bpy)3);

Eosin-Y (EY); Erythrosin B(EB); and Fluorescein L (FL). The electron donors

included ascorbic acid and different volume concentrations (5%, 10%, and 15%) of
triethanolamine (TEOA) and triethylamine (TEA). Some of the conditions tested were with
various pH’s, including 2.2, 5.6, 7.1, 8.5, and 12. In our experiment, the white light source had a
power of 180 mW. The samples were projected under the light, and at 30 minute intervals, 0.25
μL of the gas was syringed into a gas tight tube, and that quantity was injected into the Shimadzu
Gas Chromatograph. The GC was used to check for hydrogen production under the respective
dyes, and the saturation time along with the quantity of hydrogen gas released was calculated.
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A

B

Figure 10: A sample image of the photocatalysis experiment setup (A) and the Shimadzu
Gas Chromatograph (B)
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RESULTS AND DISCUSSION

Figure 11: UV/Vis spectroscopy results that were used to verify the binding of Ni (II)
to the peptide

UV/Vis spectroscopy was used to verify Ni (II) binding with the alpha domain of
metallothionein (α-MT). Ni(II) was gradually added to a 30 uM concentration of the α-MT. From
the results, it seemed to be evident that the α-MT bound to 3 equivalents of nickel, since 3
equivalents is where the absorbance is saturated. In the first graph, at a wavelength of 290 nm,
the absorbance has been gradually increasing from 0 nickel equivalents to 3 equivalents (since
the change in absorbance from the apo α-MT went from 0.2 to 0.45 to 0.75 to 0.95 to 1.1 to 1.25
absorbance units in increments of 0.5 equivalents, respectively). However, as soon as the
equivalence value reaches 3, the change in absorbance seems to have been capped off at 1.4
absorbance units. In the second graph, this result is evident again since different wavelengths
from the visible/invisible light range from the previous graph were selected to determine the
19

absorbance at various equivalence points. In this graph, as the wavelength got higher, the
absorbance has gotten lower. At the 322 nm wavelength, there is a sharp increase in absorbance
from 0 to 2 equivalents of nickel, and there is still a gradual increase until 3 equivalents, but the
saturation is complete there, at just under 0.8 absorbance units. Though the absorbance is
significantly smaller at the next two wavelength values of 430 nm and 614 nm, the trend is still
very similar. For the 430 nm wavelength, the increase was gradual from 0 to 2 equivalents, and
slightly more rapid from 2 to 3, but the saturation point still occurred at 3 equivalents since
absorbance stopped at around 0.11 absorbance units. The 614 nm wavelength never seemed to
have any significant binding effects, regardless of the number of equivalents. However, the
saturation point was still at 3 equivalents since the absorbance seemed to cap off at 0.01 at that
point.
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Data Table 1: Reveals the photosensitizer, electron donor, and experiment condition
combinations of the photocatalysis experiments that were designed to measure hydrogen
release

21

Figure 12: Gas chromatography data from Trial 8, used to determine the saturation time
for hydrogen release

Figure 13: Gas chromatography data from Trial 1, used to determine the saturation
time for hydrogen release
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In the photocatalysis experiments, the fluorescein seemed to be the most ineffective
photosensitizer, since the hydrogen production was non-existent, as the max hydrogen turnover
number (TON) was 0, regardless of the electron donor used and the pH conditions. Next,
Eosin-Y (EY) seemed to have moderately better photosensitizing effects, but the effects were
largely dependent upon the electron donor and reaction conditions. Once the electron donor was
TEOA, the hydrogen production increased slightly to 11 TON. Interestingly, increasing the
volume percentage of TEOA did not help, as having 5% TEOA and 15% TEOA at pH 7.1 still
produced 11 TON of hydrogen. As a result, it is safe to assume that in these experimental
conditions, the saturation point of this photosensitizer is somewhere between 0% to 5%. The
ACN/buffer seems to have hindered hydrogen production, as adding this released 0 TON of
hydrogen. Next, tests were conducted with erythrosin B (EB). This photosensitizer seems to have
worked best at a moderate pH of 8.5, as tests conducted at pH 12 and pH 5.6 both produced no
hydrogen with their respective electron donors. Multiple tests were conducted with EB as the
photosensitizer and TEOA as the electron donor, and the TEOA volume concentration steadily
increased from 5% to 10% to 15%. As the TEOA volume percentage increased, the hydrogen
production seems to have increased significantly, as the max TON went from 20 to 26 to 125,
respectively, and this release is higher than any of the photosensitizers that were used thus far.
However, increasing the TEOA volume percentage to 25% hindered the increase, as the max
TON drastically decreased to 11. The gas chromatography data is also included for the EB
photosensitizer with 15% TEOA as the electron donor at pH 8.5. The data reveals that the
hydrogen release seems to saturate at around 125 TON upon 7 hours of photosensitizing with the
dye. Next, Rubpy was tested with ascorbic acid as the electron donor in two tests, and this
photosensitizer seems to have released an optimal TON of 154. In the third graph, the GC

23

saturation data for this trial is shown. In this trial, the hydrogen release seems to saturate at 2
hours. As a result of these experiments, it has been determined that Rubpy and EB are the best
photosensitizers for the purpose of producing hydrogen, and ascorbic acid and TEOA are the
best electron donors to pair with those photosensitizers, respectively, as long as they are held
under the optimal experimental pH conditions. Overall, Rubpy paired with ascorbic acid at pH
5.6 seems to be the most optimal photosensitizer because of the high TON along with a short
saturation time.
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Figure 14: CD spectroscopy data that was used to verify Ni (ii) binding to the
peptide
CD Spectroscopy was also used to check for Ni (II) binding with the protein. Ni (II) was
gradually added to the peptide solution of 30 uM at pH 7.5. Upon analyzing the spectroscopy
results, it is evident that the α-MT lacks a secondary structure, as the shape of this cd spectra
does not represent an alpha helix nor a beta sheet. The shape of this curve could be representing
that of a random coil. Moreover, as the equivalents of nickel were increasing, the negative
ellipticity at the 199 nm mark was also increasing (approaching closer to 0), but this increase
seemed to saturate at 3 equivalents, since there was not an apparent increase from 3 equivalents
to 4 equivalents. This trend is also visible at the 247 nm mark, where the ellipticity is saturated at
approximately 3 equivalents of nickel. Upon analysis of the data, it is evident that the α-MT
binds to 3 metal equivalents, since there is no noticeable change in activity upon adding extra
equivalents of nickel.
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Figure 15: Mass spectrometry data that was used to verify proper synthesis of the peptide
Mass spectrometry was also done on this peptide. Upon analyzing the results, the most
intense peak had a mass to charge ratio of 3240 Da. The literature mass of the α-MT peptide is
3248 Da. The small difference in the actual mass and theoretical mass could be due to slight
impurities, as this product is crude and the experiment was run prior to performing HPLC.
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CONCLUSION
Upon analysis of the results, I was able to verify that α-MT binds to 3 equivalents of Ni
(ii), as evidenced by the CD spectroscopy results and the UV/Vis data. The accuracy of my
synthesis was verified by obtaining the crude MALDI, along with performing HPLC of the crude
peptide afterwards. Upon conclusion of verifying the aforementioned steps, I was able to
dissolve my peptide in various photosensitizers, electron donors, and reaction conditions. I have
determined that RubPy and EY are the best photosensitizing dyes, as long as they contain the
ascorbic acid electron donor at pH 5.6 and TEOA electron donor at pH 8.5, respectively. Out of
these 2, RubPy with TEOA at pH 8.5 seemed to have the best photosensitizing effects since the
hydrogen release seemed to saturate at 2 hours, while the latter combination had a saturation time
of 7 hours. In future works, it is possible to research more photosensitizer, electron donor, and
experimental condition combinations, and a different metal of interest could be used as well. An
analysis of the cost, efficiency, and time metrics involved in artificial photosynthesis versus
those that are involved in the extraction of fossil fields would also be very beneficial.
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